ABSTRACT: Infrared-active vibrational (IRAV) modes are specific optical fingerprints to probe the density, dynamics, and spatial distribution of polarons in π-electron conjugated polymers. So far, the description of IRAV mode activation and selection rules, resulting from the local breaking of spatial symmetry induced by charge carriers, has been restricted to phenomenological lattice-dynamics models. Overcoming the classical picture, here we combine first-principles calculations with vibrational spectroscopy to study the nuclear dynamics of a model polymer system, poly(3-hexylthiophene) (P3HT). We assign and reproduce quantitatively the transition energies and intensities of vibrational normal modes in the ground and excited electronic states. By comparing the ground, polaronic, and excitonic states of regioregular (RR-) and regiorandom (RRa-) chains, we identify, for the first time, the vibrational fingerprints of neutral singlet excitations in the IRAV spectra of P3HT and highlight structure−property correlations. Within this new approach, vibrational spectroscopy provides a comprehensive tool to study not only polaron but also exciton density and dynamics and to better understand the influence of disorder on exciton and charge-carrier localization in functional organic systems.
A thorough understanding of the relationship between molecular structure and optoelectronic properties is essential to design organic functional materials and optimize their device performance.
1−5 Key structural characteristics, such as molecular order, bonds pattern, and spatial extent of charged and excited states, are intimately related to the free carrier mobility and exciton lifetime, which ultimately determine the efficiency of organic devices, such as polymer field effect transistors and solar cells. Because of the large electron− phonon coupling, changes in the electronic structure of π-conjugated polymers lead to significant variations in the nuclear structure and dynamics. 6−11 Thus, vibrational (IR and Raman) spectroscopy, which is sensitive to variations of local dipole moments and polarizability within the nuclear oscillations, has been the technique of choice to understand electronic and nuclear structures, charge generation, and charge/energy transfer mechanisms in these systems. 12−16 In π-electron conjugated polymers with symmetric structure, collective oscillations in which the bond length alternation varies in phase 6 are Raman-active normal modes (i.e., gsymmetric) but IR-silent. 17−19 These oscillations are particularly sensitive to the electronic structure and conjugation length of the systems: the higher the electron delocalization, the lower the energy of the vibrational transition associated with the collective oscillation and the higher the Raman intensity. 3, 20 These Raman-active modes may be turned into infrared-active vibrational (IRAV) modes once charge carriers are injected onto the polymer chain and self-localize, breaking the local spatial symmetry of the backbone. 21, 22 IRAV modes are arguably the most specific optical probe for charged excitation density 23 and dynamics 24, 25 in π-electronconjugated polymers upon photo-, electro-, or chemicalinduced doping. 26−28 After the first experimental observation of IR-active modes in chemically doped polyacetylene by Fincher and coworkers, 29 similar modes were also observed upon photoexcitation of polyacetylene and attributed to charged solitons. 30 In nondegenerate ground state polymers, IRAV modes are directly related to charged polarons. 23, 31 Thanks to their specificity and sensitivity, over the past two decades IRAV modes have been largely employed as a direct probe of polaron density in pristine polymers, 26, 28, 32 chargetransfer processes and polaron dynamics in donor−acceptor blends, 23, 31, 33, 34 structure−charge relationships in polymers, 26, 35, 36 polaron spatial distribution within the active region of working devices, 37, 38 and, most recently, coupling of polarons to surface plasmons in infrared nanoantennas. 39 From the theoretical standpoint, substantial work was done to understand and rationalize the description of IRAV modes. The first successful model capable of reproducing the key properties (frequency, relative intensities, and their one-to-one coincide with Raman modes) of the IRAV modes was developed by Horovitz et al. considering the pinning potential of the polymer skeleton chain. 40, 41 Later on, Zerbi et al. developed a theory based on the effective conjugation coordinate (ECC) to explain and interpret the activation of IRAV modes and the phonon dispersion curves of π-electron conjugated systems. 42 IRAV spectral signatures have also been described within the framework of the amplitude mode model in Peierls organic semiconductors, and their lineshapes have been well reproduced by Fano-type antiresonances between the discrete IRAV modes and the low-energy broad polaron band. 32, 43 Despite the significant advances of these theoretical models for the IRAV modes in organic semiconductors, so far most descriptions have been based on phenomenological assumptions. To date, some fundamental aspects of vibrational modes in photo-or chemical-induced absorption spectra, such as their dependence on spatial delocalization of excited states and the quantitative assignment of vibrational modes to specific photoexcitations, remain unclear. Here we combine firstprinciples response calculations and infrared and Raman spectroscopy to study the vibrational properties of regioregular (RR-) and regiorandom (RRa-) poly(3-hexylthiophene) (P3HT), a model polymer system to understand the influence of structural order on photoconductive properties. By combining density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations, 44, 45 we reproduce and distinguish frequencies and relative intensities of ground, charged, and singlet excited-state vibrational normal modes and specifically assign their spectroscopic fingerprints. Besides conventional IRAV modes due to local symmetry breaking, we identify excitonic fingerprints in the photoexcitation spectrum due to the strengthening of specific bonds upon generation of singlet excitons. Furthermore, we relate the splitting of the C C Raman and excited-state absorption bands and the C−S stretching peaks to the polymer regioregularity, providing a new indicator of the degree of structural order of polymeric chains.
DFT calculations were performed to study the geometries of neutral (P3HT), radical cation (P3HT + , i.e., polaron), and radical dication (P3HT +2 , i.e., bipolaron) electronic states and corresponding vibrational modes by adopting restricted and unrestricted B3LYP functional, with 6-31G(d) basis set. The choice of a rather low basis set (i.e., the 6-31G(d)) was required for the evaluation of both equilibrium geometries and vibrational force fields of long oligomers (e.g., eight repeat units) in the ground, charged (+1 and +2), and excited electronic states. P3HT was represented by finite length oligomers (eight repeat units) to mimic the properties of the corresponding polymer; 46 side hexyl chains were replaced by methyl, and both RR-and RRa-substitutions were taken into account. The geometries and vibrational force fields of the lowest (dipole active) excited state (S 1 , labeled as 1 P3HT*) were obtained through TDDFT calculations (TD-B3LYP/6-31G(d)) for both RR-P3HT and RRa-P3HT oligomers, without any symmetry constrain. All calculations were performed using the Gaussian09 program (revision D.01). 47 Figure 1 shows the main skeletal molecular structures and bond length variations for RR-P3HT and RRa-P3HT evolving from the ground state to the (i) polaron, (ii) bipolaron, and (iii) first dipole allowed excited state (S 1 ). The structural variations induced by the different excitations i−iii are mainly localized in the central part of the chain and differ only in terms of extension and amplitude due to the different local molecular order and regioregularity of RR-versus RRa-P3HT. Polymer regioregularity affects the amplitude of the structural defects (e.g., bond lengths and torsional variations), with RRa-P3HT showing higher structural reorganizations than RR-P3HT, for each excitation. For the polaron (Figure 1b ,c) the maximum bond length deformation (BLD) is ∼0.02 Å for RR-and ∼0.04 Å for RRa-P3HT, while for the bipolaron (Figure 1b ,c) the structural changes are larger, with a maximum BLD of ∼0.04 Å for RR-and ∼0.06 Å for RRa-P3HT. The first excited-state equilibrium structure features a maximum BLD of ∼0.03 Å for RR-and ∼0.04 Å for RRa-P3HT. Different structural relaxations imply different electron−phonon coupling factors, which would, in turn, affect the vibrational properties (IR, Raman, and IRAV modes). Starting from a nonplanar ground state, with an average angle of ∼16°for RR-and ∼48°for RRa-P3HT, we find that all excitations (i−iii) induce a quinoidallike, planar molecular structure in both RR and RRa cases (see Figure S1 , Supporting Information). 48, 49 The defect extensions The Journal of Physical Chemistry C Article (i.e., the length for which BLDs are >0.015 Å) for polaron, bipolaron, and S 1 are 18.2, 28.8, and 14.3 Å for RR-P3HT and 19.6, 27.3, and 15.7 Å for RRa-P3HT. In both cases, the bipolaron results to be the most extended defect. Note that the computed defect amplitudes and extensions may be affected by the choice of the exchange-correlation DFT functional. B3LYP is known to overdelocalize the extension of the defect, 50,51 a tendency corrected by introducing range-separated functionals (e.g., CAM-B3LYP, ωB97XD, or BNL; see ref 52) . Nevertheless, we decided to use this functional because of its documented reliability in predicting force constants and vibrational spectra for both neutral and charged/excited states. 53, 54 Figure 2 compares the experimental and calculated IR absorption spectrum of neutral RR-and RRa-P3HT in the range 500−1700 cm The calculated IR spectrum of the neutral species reproduces well the main experimental features, similar to previous results for polythiophene 56 and derivatives. 57−59 In both RR-and RRa-P3HT, the most relevant backbone modes are the following:
(1) the 820 (RR-) and 827 (RRa-) cm ) are related to antisymmetric C α C β bonds stretching vibrations. Moreover, the vibrational fingerprints of hexyl side chains are observed at 725 and 1377 cm −1 for RR-P3HT, and 727 and 1375 cm −1 for RRa-P3HT, which can be assigned to the rocking vibration of methyl substituent and deformation of terminal methyl groups.
The simulations of Raman spectra are also in good agreement with experiments: when increasing the number of thiophene rings from 2 to 8, the computed spectrum red shifts (by ∼12 cm −1 ) and the peak energies approach the experimental values (refer to Figure S3 in Supporting Information). Among the few Raman active modes in the 500−1700 cm −1 spectral region, the two in-plane ring skeleton modes at 1382 and 1450 cm −1 for RR-P3HT and 1375 and 1458 cm −1 for RRa-P3HT, due to the C−C and CC stretching modes, are most sensitive to π-electron delocalization; the ratio of single to double carbon bond stretching mode intensity is a good indicator of the conjugation length (I C−C / I CC ): 57 here we obtain I C−C /I CC of 0.24 and 0.14 for RRand RRa-P3HT, respectively. Noticeably, the computed peak at 1443 cm −1 splits into two peaks in the case of RRa-P3HT, as also reflected in photoinduced absorption spectra (see later discussion). The two peaks are assigned to symmetric CC/ C−C stretching/shrinking modes localized on different segments of the long oligomer chain.
After reproducing the vibrational properties of the polymers in the ground state, we calculated the vibrational properties of the polymers in the polaronic states. The results can be directly compared with the IR and Raman spectra of chemically doped polymers, where polarons and bipolarons are permanently induced. Figure 3 shows the experimental IR and Raman spectra of FeCl 3 doped RR-and RRa-P3HT, together with DFT calculated spectra for polarons and bipolarons. Because of the overlap between the broad polaron "P 0 band" and the sharp vibrational resonances, 32, 43 the vibrational modes appear as Fano antiresonances (spectral dips) in the IR transmittance spectra of chemically doped P3HT. For both RR-and RRa-P3HT, the experimental spectra are broadened and red-shifted compared with the undoped polymers. The calculated IR spectra of polaron and bipolaron agree well with the trend of the experimental IR spectra of doped RR-and RRa-P3HT. ). Figure 3 also reports the theoretical Raman spectra of doped P3HT. In this case, the slight red shift of the experimental resonant Raman spectra compared with the calculated data may be due to a more equalized bond-length pattern than the one predicted. 60 Three main Raman bands for the doped samples at 1380, 1448, and 1510 cm −1 for RR-P3HT and at 1377, 1460, and 1517 cm −1 for RRa-P3HT, similar to those of undoped P3HT, arise from the C−C/CC stretching modes delocalized over the entire oligomer. The calculated (nonresonant) Raman spectra of charged states of P3HT also show two main peaks at 1432 (RR) and 1412 cm −1 (RRa) for polarons and at 1372 (RR) and 1338 cm −1 (RRa) for bipolarons; however, the computed spectra are more structured than the experimental ones, and this may be due to the fact that calculations do not include resonance effects, which may enhance the peak intensity of some Raman-active modes. 7, 61 Because C α C α and C β C β modes coexist in the quinoid structure of the doped polymer, some of the normal Raman modes can be attributed to totally symmetric stretching of C α C α bonds, as previously reported by Casado et al. for doped oligothiophenes. 62 Overall, the comparative analysis of IR and Raman spectra of chemical doped-P3HT clearly indicates the transition from benzenoid to quinoid structure due to polaron or bipolaron formation. Figure 4 shows the comparison between experimental photoinduced absorption, chemically induced absorption, and Raman spectra of RR-and RRa-P3HT in the 500−1700 cm −1 spectral region and the computed polaron, singlet-excited, and ground state IR modes. In both cases the PIA spectra were obtain exciting at 532 nm, close to the maximum of absorption of the two polymers (see Figure S2) . Table 1 summarizes the main modes and their assignment. The IRAV modes of both samples can be attributed, on the basis of DFT and TD-DFT calculations, to peaks present in the IR spectra of polaron (P3HT + ), bipolaron (P3HT +2 ), or excited state ( 1 P3HT*) species and Raman spectra of the neutral species. RR-and RRa-P3HT show five principal negative photoinduced absorption (PIA) bands around 730, 800, 1360, 1450, and 1510 cm −1 . In the following we will focus our discussion on the differences induced by conformational disorder in conventional IRAV modes (i.e., those corresponding to Raman modes) in RR-and RRa-P3HT and on the origin of the mode around 800 cm −1 , which does not have a Raman counterpart.
The conventional IRAV modes, that is, 730, 1360, 1450, and 1510 cm −1 , can be associated with the active Raman modes of antisymmetric C α −S−C α deformation (727 and 731 cm −1 for RR and Ra, respectively), symmetric C β −C β stretching (1382 and 1375 cm −1 for RR and Ra, respectively), symmetric C α  C β stretching (1450 and 1458 cm −1 for RR and Ra, respectively), and antisymmetric C α C β stretching (1512 and 1522 cm −1 for RR and Ra, respectively) vibrations of ground-state P3HT. PIA spectra of RR-and RRa-P3HT show significant differences in the 1300−1600 cm −1 region, specifically: (i) different intensity ratio between the ∼1450 and the ∼1360 cm −1 bands: I 1450/1360 (RRa-) < I 1450/1360 (RR-) and (ii) ∼1450 cm −1 band splitting in the case of RRa-P3HT this is a direct consequence of the reduction of intensity and splitting of the 1443 cm −1 CC stretching Raman mode The Journal of Physical Chemistry C Article previously discussed for RRa-P3HT in the ground state. The PIA band of RR-P3HT around 1360 cm −1 can be interpreted as a superposition of the calculated IR spectra for polaron, bipolaron, and excited-state species. In this region are collocated the quinoid C β C β symmetric bond stretching modes at 1324 (polaron), 1325 (bipolaron), and 1330−1400 (excited state) cm −1 and the interring C α C α antisymmetric bonds stretching at 1384 (polaron), 1385 (bipolaron), and 1401 (excited state) cm −1 . Thus, the activity of these modes in the PIA spectra cannot be uniquely attributed to the IR and Raman spectra computed for the neutral species, rather to a photoexcited structure resembling that of exciton or polaronic species. In the case of RRa-P3HT, the 1360 cm −1 PIA band is also well reproduced by the computed IR spectra of polaron, bipolaron, and excited states, but it is more intense than in RR-P3HT. Thus, a thorough comparison between the PIA spectra and first-principles calculations can provide fine details of the degree of disorder of the polymeric chains.
The intense and specific PIA mode around 800 cm −1 cannot be ascribed to Raman mode conversion induced by charged excitations. This IR-active mode is due to the C α −S stretching of the thiophene rings in the singlet excited state, whereas in the ground state normal modes in this spectral region are assigned to C β −H out-of-plane deformation. 63, 64 . Because this IR-active band has a large cross section in the excited state, the corresponding IRAV mode can be regarded as a signature of long-lived photoexcited excitonic species ( 1 P3HT*). Similar to carbon−carbon stretching modes, the intramolecular C α −S stretching mode is very sensitive to the local chain conformations/distortions. Thus, the intensity ratio I 817 /I 730 , can be used as a spectroscopic marker of the polymer chain structure. Indeed, this ratio decreases from RR-to RRa-P3HT because of their different local intra-and interchain structure. To the authors' knowledge, this is the first observation of a vibrational signature of singlet excited states in the PIA spectra of P3HT, which provides a new probe for structural deformations induced by photoexcitations.
The two points discussed are crucial to draw proper structural-functional relationships of general validity for polymeric chains. RRa-chains are characterized by a larger ground-state structural distortion than RR-, leading to higher relaxations and favoring self-localization and charge trapping processes after the photoexcitation. Exciton, polaron, and bipolaron are generated on different time scales (from fs to ns), leading to localization processes and structural relaxation 65, 66 with spectroscopic signatures sensitive to the local molecular conformations and order. Therefore, as results from our IRAV analysis, RRa-chains trap charges and localized the excitations more efficiently than RR-chains, leading to more structured IRAV spectral pattern (e.g., see intensity ratios 1450/1360 and 817/730 cm −1 bands, Figure 4 ). In conclusion, by combining IR, Raman, and PIA-IR spectroscopy and quantum-chemical calculations, the signatures of polaron, bipolaron, and singlet excited states have been identified for both RR-and RRa-P3HT and correlated with the local molecular structure of the polymer. RRa-P3HT show higher structural relaxations and reorganizations upon excitations than RR-P3HT chains, leading to specific IRAV fingerprints (band splitting and intensity patterns) due to their different regioregularity. The proposed framework, beyond classical models, can be applied to a vast set of organic semiconductors to elucidate the chemical-physical mechanisms occurring upon photoexcitation (e.g., direct polaron generation and/or exciton localization and diffusion) 67 and to anticipate the extent of charge/exciton delocalization of newly synthesized materials with various degrees of disorder.
■ EXPERIMENTAL METHODS
Infrared absorption spectra were obtained in a Fourier transform infrared (FTIR) spectrometer (Bruker Vertex 80v) equipped with room-temperature DTGS detector. Spectral and phase resolution used during Fourier transformation were 4 and 32 cm −1 , respectively. Photo-induced absorption (PIA) spectra were recorded at low temperature (T = 78 K) by photoexciting the samples with at continuous wave green laser (λ ex = 532 nm) and probing the induced change in transmission (−ΔT/T) by an FTIR spectrometer equipped with an MCT detector. Thick (∼3 μm) RR-P3HT and RRa-P3HT films were drop-cast on CaF 2 substrates for IR-PIA measurements in transmission-mode measurements in near-normal back scattering geometry. The differential signal of over 5000 consecutive scans with pump light on and off was averaged to increase the signal-to-noise ratio. Raman spectra were obtained in a Renishaw Raman microscope configured with a charge-coupled device array detector. A green (λ ex = 532 nm) laser line was used for excitation with power below 1 mW. Raman signals were collected by a Leica 1003 objective lens (NA = 50.85) and dispersed by 2400 line/mm gratings with frequency resolution of 0.8 cm 
